Abstract: The quality factor of photonic crystal heterostructure cavities with different vertical cladding geometries and photonic crystal hole etch depths is analyzed numerically. Symmetric cladding layers and deep etching are shown to improve the quality factor.
Introduction
Recently there has been significant progress in increasing the quality (Q) factor of two-dimensional photonic crystal resonant cavities [1] [2] [3] . In particular the photonic crystal double heterostructure cavity has been shown to have a Q factor in excess of 10 6 , and theoretical designs predict the ability to reach Q factors as large as 10 9 [2, 3] . These high Q factor cavities have a variety of applications including slow light, chip-scale signal processing, sensing and low threshold lasers. The basic structure of these cavities includes a free standing semiconductor membrane perforated by a two-dimensional photonic crystal pattern. Membrane thicknesses are typically around 200nm to 300nm. In this work, we discuss design aspects of the heterostructure cavity for use in continuous-wave and electrically injected lasers. One issue with using a thin, free-standing membrane for a microcavity laser is that heat builds up in the material and degrades its gain properties. Furthermore, it is difficult to pass sufficient current through the thin perforated membrane to pump the laser through electrical injection. One strategy to overcome the heat dissipation issue is to include a dielectric lower substrate such as SiO2 or sapphire whose thermal conductivities are at least 1000 times higher than air. Including a dielectric lower substrate, however, drastically lowers the Q factor of these cavities. Fig. 1(a) plots the Q factor of a heterostructure cavity as the index of refraction of the substrate is increased from its nominal value of 1.0 corresponding to air. For this particular structure the air clad geometry has a nominal Q factor of 337000 but then drops to a value below 10000 for an index of 1.45 corresponding to SiO2 and drops below 1000 for an index of 1.74 corresponding to sapphire.
Numerical Method and Results
To analyze these structures we use our own three-dimensional finite-different time-domain code with typical simulations using 132 parallel processors for approximately 20 hours. We excite the cavity with a broadband initial condition, and record 10 5 time steps. The time sequence is analyzed using a discrete Fourier transform, and the Padé interpolation method is used to extract center frequencies and Q factors. Spatial resolution is set at 20 discretization points per lattice constant. Also included in Fig. 1 is a breakdown of the "directional Q factors" which measure the dominant loss channels. This breakdown was calculated by integrating the time-averaged Poynting vector over appropriate surfaces. Fig. 1(b) .
cavity and the associated loss channels.
The reduction in the Q factor can be attributed to two loss mechanisms. First, increasing the index of the substrate reduces the index contrast between the semiconductor slab and the lower cladding. This results in an increased number of wavevectors that are not totally internally reflected and leak into the substrate. The second loss mechanism is in-plane a253_1.pdf IMF2.pdf leakage. This can be understood by noting that the presence of a lower substrate breaks the vertical symmetry. The even (TE-like) and odd (TM-like) modes of the symmetrically air-clad slab no longer have strict even and odd symmetry and can couple to each other. Because this particular lattice does not support a bandgap for the odd (TM-like) modes, this coupling can be a significant source of leakage. However, inspection of Fig. 1(a) indicates that the lowest (and thus limiting) directional Q factor is Q-substrate. Figure 2 displays a directional Q factor study for a type-B photonic crystal double heterostructure cavity. The type-B structure is depicted in Fig. 2(b) and is formed by shifting one side of the photonic crystal cladding by one half lattice constant (we will refer to the standard heterostructure cavity as type-A). Previous numerical studies have suggested that this geometry helps reduce out-of-plane radiation [4, 5] . Although the nominal Q factor corresponding to an air-clad structure is an order of magnitude smaller than the type-A cavity, one sees that (1) the limiting Q factor is due to leakage along the waveguide direction, (2) the total Q factor is flat with respect to increases in the substrate refractive index up to 1.5, and (3) the type-B cavity has a larger total Q factor at n = 1.45 (SiO2) and n=1.74 (sapphire) than the type-A structure. Figure 2 (b) Type-B heterostructure geometry (top) structure shown in Fig. 2(b) .
Figure 2(a). Directional Q factor analysis for the
and its associated Hz(x,y) mode profile (bottom).
Toward An Electrically Addressable Laser Cavity
One strategy that may lead to an electrically addressable photonic crystal laser is to define the vertical slab structure epitaxially using semiconductor deposition techniques. For alloys employing materials such as GaAs/AlGaAs or GaAs/InGaAs the index contrast between the core and vertical cladding layers is small. Realistic values for the refractive indices for the core and cladding would be 3.4 and 3.2, respectively. On the other hand, it becomes possible to etch through the entire vertical slab structure which has been shown to reduce vertical radiation loss. Another advantage of using an epitaxially defined slab structure is the ability to introduce a top cladding layer. The advantage of including a top cladding layer is shown in Fig. 3 . Fig. 3(a) is a directional Q factor study corresponding to the vertical slab structure depicted in Fig.  3(b) for a type-A heterostructure cavity. There are two interesting features of this data: (1) The total Q of the symmetrically clad structure is larger than the structure in Fig. 1 in which the semiconductor slab has only a lower cladding even though intuitively, one would expect the top cladding to introduce more leakage. (2) The substrate Q is almost three times larger for the symmetrically clad structure than for the asymmetrically clad structure. One explanation for this effect is that the Figure 3 (a). Directional Q factor analysis for the Figure 3 (b) Symmetrically clad heterostructure cavity. symmetrically clad structure shown in Fig. 3(b) .
a253_1.pdf IMF2.pdf slab mode remains in the center of the slab for the symmetrically clad structure, whereas the mode is shifted toward the substrate side in the bottom clad structure which increases the evanescent field penetration into the substrate. Figure 4 (a) depicts the Q factor as a function of the cladding index for a type-B heterostructure cavity with a vertical slab structure shown in Fig. 4(b) . Although the vertical slab structure is not rigorously symmetric, the short top cladding layer improves the total Q by as much as a factor of three when compared to a structure without the top layer. The total etch depth depicted in Fig. 4(b) is less than 2μm which is difficult but not impossible to achieve using semiconductor etching techniques. Previous work has suggested that a minimum Q factor required to achieve lasing is 1000 [6] , and the Q factor of this cavity falls well below 1000 as the cladding index is increased to 2.4. Although this is not yet a functional design, we believe that this work represents an interesting step toward designing photonic crystal laser cavities with reduced out-ofplane radiation to be used in an electrically addressed configuration. 
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